Exclusion specified by the IncI plasmid R144 was determined by measuring the amount of donor DNA transferred to appropriate recipient cells. When recipient cells harboured an R144-derived Exc+ recombinant plasmid, the exclusion value determined in that way was comparable with the exclusion value determined by measuring the efficiency of transconjugant colony formation. When recipient cells harboured the plasmid R144drd-3, the exclusion value determined by measuring the amount of donor DNA transferred to recipient cells appeared more valid than the value determined by measuring transconjugant colony formation.
INTRODUCTION
Matings between Escherichia coli strains mediated by IncF and IncI plasmids are supposed to proceed in several steps: (i) pilus to wall contact formation, (ii) wall to wall contact, (iii) stabilization of the contacts, (iv) DNA transmission and (v) active disaggregation of the mating complexes Achtman et al., 1978a, b ; Hartskeerl & Hoekstra, 1984) .
In matings between cells harbouring identical or closely related plasmids, less transconjugants are generally formed than in matings between donor cells and plasmid-free recipient cells (Sheehy et al., 1972; Willetts & Maule, 1974; . Reduced mating efficiency in the so-called homosexual crosses is the result of exclusion and incompatibility. Exclusion operates during initial mating events and is more specifically termed surface or entry exclusion. Exclusion specified by the classical F plasmid, a typical IncFl plasmid, affects stabilization of mating aggregates as well as DNA transfer . For IncI plasmids an entry exclusion-like phenomenon has been described (Hedges & Datta, 1973) . We have previously reported on exclusion for the IncIa plasmid R144 (Hartskeerl et al., 1983; Hartskeerl & Hoekstra, 1984) . In this paper we will describe a procedure that allows measurement of the amount of donor DNA conjugally transferred to recipient cells. Conclusions from these measurements for the purpose of determining exclusion values in R 144-mediated crosses are compared with conclusions based on measuring efficiency of transconjugant colony formation.
METHODS
Bacterial strains and plasmids. Strains and plasmids used are listed in Table 1 . Unless otherwise indicated all recipient strains were derivatives of E. coli AM41 79, containing plasmid pBR322.
Media and growth conditions. Broth consisted of brain-heart infusion (Difco). Antibiotics were added at the following concentrations (pg ml-l): chloramphenicol, 100; kanamycin sulphate, 50; tetracycline, 10; and streptomycin sulphate, 100. Penicillin (Gist-Brocades) was added at a final concentration of 500 units ml-* . Agar (Difco) (1.5%, w/v) was added to solidify the media. Cells were grown in broth supplemented with appropriate antibiotics to assure maintenance of plasmids. Donor cells were labelled with Matings. Exponential phase [3H]-labelled donor cells were collected by low speed centrifugation and washed three times with a NaCl solution (0-9%, w/v) supplemented with 0.5 mg thymidine ml-' to remove the residual [3H]dT. Donor cells were resuspended in an equal volume of pre-warmed (37 "C) broth and incubated for 10 min at 37 "C before the start of the mating. In all matings 0.5 ml donor cells were mixed with 0.5 ml exponential-phase recipient cells. The mixture was incubated for 40 min at 37 "C without shaking to allow mating. Mating aggregates were subsequently disrupted by heavy agitation in a blender.
Matings with non-radioactive donor cells were done as described before (Hartskeerl et al., 1983) . Determination of the amount oj'donor DNA transjerred during mating. This was done essentially as described by Wilkins et al. (1971) . However, whereas they used T6-sensitive donor cells which were lysed with excess bacteriophage T6 after mating, we used ampicillin sensitive (Aps) donor cells that were lysed after mating by treatment with penicillin. The recipient cells in our matings were ampicillin resistant (ApR) due to the presence of plasmid pBR322.
Mating aggregates were disrupted and diluted 1 : 15 in warm (37 "C) broth supplemented with penicillin and 0.01 "/, (w/v) sodium dodecyl sulphate (SDS). The detergent prevents formation of new mating aggregates (Tomoeda et al., 1975; Salisbury et al., 1972; Hartskeerl & Hoekstra, 1984) . The mixture was incubated with aeration for about 90 min at 37 "C to lyse the ApS donor cells. DNAase' (Calbiochem) (Wilkins et al., 1971) and MgClz ( 5 mM final concentration) were added to degrade donor DNA released during the lysis. Thymidine was added at a final concentration of 0.5 mg ml-' to diminish uptake and metabolic incorporation of [3H]-labelled digestion products by the recipient cells.
After lysis and DNA degradation, the mixtures were centrifuged for 15 min in an SS34 rotor (Sorvall RC2-B) at 30000 g. The pellets were resuspended in minimal medium, treated with Pronase and Brij-58 (Wilkinset a/., 1971), washed three times and resuspended in a 0.9% NaCl solution (volume equal to the initial volume of the mating mixtures).
TCA-insoluble radioactivity was determined by spotting 0.1 ml of the suspensions on glass microfibre discs (Whatman GF/A) pre-treated with a 10% (w/v) TCA solution. The discs were rinsed consecutively in 10% (w/v) TCA, 5% (w/v) TCA and 96% (v/v) ethanol (Sheehy et al., 1972) at 0 "C, dried and subsequently placed in vials containing 5 ml Picofluor (Packard).
RESULTS A N D DISCUSSION
To determine (entry) exclusion values, transconjugant colony formation is often used as a criterion. However, exclusion values determined by that method should be considered with care if conjugative plasmids are transferred as distinct molecular species. After transfer of such plasmid DNA, transconjugant colony formation requires establishment and maintenance of the transferred DNA. Establishment of transferred plasmid DNA, termed repliconation (Clark & Warren, 1979) , involves complementary strand synthesis in the recipient cells and circularization of the double-stranded DNA. Resident recipient plasmids may interfere with repliconation and maintenance of the donor plasmid and thus expel transferred DNA. Exclusion values determined by measuring the number of transconjugant colonies are thus based on initial mating events as well as on post-transfer events. To measure exclusion specifically in R144-mediated crosses we determined the amount of donor DNA present in the recipient after mating. To do so, the ApS donor strain AM41 17 was labelled with [3H]dT and mated with the ApR recipient strain AM4179 harbouring the exclusion proficient (Exc+) R144-derived recombinant plasmid pRAH517, or the exclusion deficient (Exc-) plasmid pRAH521, which is closely related to pRAH517 (Hartskeerl et al., 1983) . Incubation, after mating for 90 min at 37 "C in the presence of penicillin, reduced the number of viable donor cells in the suspension lo4-to 106-fold. The number of recipient cells increased two-to threefold in that period. Donor DNA released after lysis of the donor cells should be converted into TCA-soluble material by the added nuclease, whereas donor DNA transferred to the recipient cells should be protected against degradation. Thus the amount of radioactivity measured in the TCA-insoluble fraction isolated afterwards reflects the amount of donor DNA transferred to the recipient cells. It cannot be excluded, however, that part of the radioactivity recovered as TCA-insoluble material is not due to conjugally transferred donor DNA. For example, part of the donor DNA might be trapped by membrane vesicles formed after lysis. To test for non-conjugally transferred donor DNA in the mixture, a mating experiment was performed where, under conditions similar to those used in the matings, heat killed recipient cells (5 min, 100 "C) were added to the labelled donor cells instead of viable mating-proficient cells. In that case about 0.1 7 & 0.03% of the initial [3H]-label was recovered as TCA-insoluble material. Thymidine was added to the medium to reduce uptake and incorporation of [3H]-labelled material from outside by the recipient cells. To measure the amount of radioactivity resulting from metabolic incorporation of degradation products, recipient cells (Exc+ or Exc-) were added to a suspension obtained after lysing labelled donor cells in the presence of nuclease. After incubating that mixture for 90min at 37 "C, in the presence of unlabelled thymidine (0.5 mgml-I), only a very small fraction (0.024 & 0.006%) of the radioactivity in the medium appeared to be incorporated by the Exc+ or Exc-cells. This clearly indicates that in our experimental conditions only small amounts of exogenous label were incorporated by the recipient cells. Therefore our experiments did not require tdk recipient cells, which are most suitable for avoiding metabolic incorporation of thymine or thymidine (Wilkins et al., 1971) .
In Table 2 , the presented values for [3H]DNA transferred were obtained by determining the amount of TCA-insoluble radioactivity present in the recipient cells after mating, and correcting for the amounts of TCA-insoluble radioactivity not due to mating events, as measured in the 'control' experiments described above. Matings between donor strain AM41 17 and recipient strain AM4179, harbouring vector pACYCl84, generally occurred with 100% efficiency (number of transconjugants per donor cell, multiplied by 100%). In this mating, about 1.3% of the initial radioactivity was conjugally transferred. Based on the molecular weights of R144 and the chromosome (respectively 67 and 2.5 x lo3) and assuming that the donor cells contain one copy of plasmid R144 per chromosome, that value is more or less to be expected. If the recipient carried the Exc+ recombinant plasmid pRAH5 17, approximately 25 times less radioactivity was recovered from the mating mixture while the number of transconjugants was about 75 times lower (Table 2) . If the recipient carried the Exc-recombinant plasmid pRAH521, the amount of transferred radioactivity was similar to the amount of radioactivity transferred to the recipient carrying the vector pACYC 184. As expected for that recipient the transconjugants were formed with high efficiency. Relative mating efficiencies determined by measuring the amount of donor DNA in the Exc+ or Exc-recipients thus corresponded fairly well with efficiencies determined by measuring the number of transconjugant colonies (Table 2 ). In a mating between an R144drd-3 donor and a recipient carrying the Exc+ or Exc-recombinant plasmid, post-transfer events are thus apparently not hampered. However, in matings between donor and recipient cells that both harbour the R144 plasmid, the situation was more complex. The amount of DNA transferred from donor AM41 17 to strain AM4179 harbouring R144drd-3 was about 10% of the amount transferred to recipient AM41 79(pACYC 184). On the other hand, genetic crosses between donor strain AM41 18 (carrying R144drd-3 :TnlO) and recipient strain AM1281 without plasmid or with R144drd-3 revealed, after selection for StrR TcR transconjugant colonies, that the presence of R144drd-3 in the recipient caused a 104-fold reduction of the number of transconjugant colonies ( Table 2) .
The matings with recipient harbouring R144drd-3 showed clearly that reductions of the number of transconjugant colonies may not be valid as exclusion values, since they are influenced by post-transfer events like, for example, incompatibility. Donor [3H]DNA transfer as a criterion is certainly more valid in these cases.
Exclusion by R144 or Rl44-derived recombinant plasmids does not affect mating aggregate formation (Hartskeerl & Hoekstra, 1984) . Consequently, the reduced amounts of donor DNA found in the Exc+ recipients demonstrate that exclusion in this IncI system influences effective DNA transfer. Ineffective DNA transfer could imply inhibition of donor DNA transfer or immediate degradation of transferred donor DNA. Conjugal DNA metabolism in the donor cells should be investigated to elucidate whether DNA transfer is inhibited in the donor.
The method used to obtain the results presented here, as compared with the method described by Wilkins et al. (197 l) , has the disadvantage that the mating mixtures have to be incubated for 90min to lyse the donor cells. On the other hand, the technique proved to be simple and provided reproducible results.
